. While it is known that SERT expression is regulated by syntaxin 1A (Quick, 2002a) , its poimplicated in anxiety, autism, depression, gastrointestinal disorders, obsessive-compulsive disorder, schizotential role in mediating 5HT translocation has yet to be determined. phrenia, substance abuse, and suicide.
For mammalian SERT, early biochemical approaches using radiolabeled flux and antagonist binding sugResults gested that each transport cycle was electroneutral, with one Na (Figure 2A ). For direct compari2002a). Thus, it was conceivable that syntaxin 1A was son of charge to 5HT flux, 5HT-induced currents were inhibiting SERT surface expression. To test this hypothconverted to moles of ion flux based upon Faraday's esis, surface SERT expression was examined in unconstant (96,500 coulombs/mol). There was no differtreated or BoTx-injected WT/1A oocytes using surface ence in the amount of 5HT flux at Ϫ40 mV and Ϫ80 mV, biotinylation ( Figure 1C) . In untreated oocytes, approxiconsistent with uptake being electroneutral. In contrast, mately one half of total SERT protein was in the biotinylthe amount of net ion flux was approximately 2-fold ated (surface) fraction. BoTx reduced surface expreslarger at Ϫ80 mV than at Ϫ40 mV. To determine the sion and increased intracellular expression of SERT number of net charges that were being transported per approximately 25%, suggesting that syntaxin 1A coex-5HT molecule, charge flux as a function of 5HT flux from pression was increasing surface SERT localization. The individual oocytes was plotted ( Figure 2B ). At Ϫ40 mV, approximate ratio of 35%:65% of surface:intracellular the slope of the line representing the charge:5HT ratio expression in the BoTx-treated cells was comparable to was 7.1; at Ϫ80 mV, the charge:5HT ratio was 12.9. that seen in WT/0 oocytes (data not shown). Therefore, Simultaneous charge:5HT flux measurements (at a holdsyntaxin 1A was not eliminating SERT currents by ing potential of Ϫ80 mV) were repeated in WT/1A oogreatly reducing total surface SERT expression. cytes ( Figure 2C ). In these oocytes, since there were no A related possibility was that syntaxin 1A was reducnet inward currents (see Figure 1B ), the charge:5HT ratio ing functional surface SERT expression. To test this was essentially 0. After BoTx injection, the charge:5HT hypothesis, steady-state radioligand binding of the ratio was 13.6, similar to that seen in WT/0 oocytes. high-affinity SERT antagonist RTI-55 was performed on These data were consistent with the hypothesis that intact WT/1A oocytes ( Figure 1D Figure 1E ). Saturation analysis showed that syntaxin of the experimental criteria described above were met. 1A had no effect on the 5HT concentration necessary However, it was necessary to verify that the charge:5HT for half-maximal transport. There were small differences ratio at these lower ion concentrations was unaffected. in the maximal transport capacity; however, the larger Thus, simultaneous charge flux and 5HT flux measuremaximal transport capacity in the untreated oocytes ments were made at Ϫ40 mV in BoTx-injected WT/1A was entirely consistent with the decreased functional oocytes ( Figure 2E ). In 96 mM NaCl, the charge:5HT SERT expression seen in the BoTx-injected oocytes.
ratio was approximately seven, as expected from the The turnover rate of GABA transporters is reduced data for WT/0 oocytes ( Figure 2B ). Similar values were 4-fold by syntaxin 1A (Deken et al., 2000). Thus, one obtained when experiments were performed near the possibility was that the syntaxin 1A inhibition of SERT apparent Na ϩ K m , near the apparent Cl Ϫ K m , and at 22 currents occurred due to a reduction in SERT turnover mM NaCl. rates. This rate of 5HT translocation through SERT was Thus, radiolabeled substrate flux assays to assess calculated by dividing the maximal transport capacity stoichiometry were performed in oocytes voltage (V max from Figure 1E ) by the maximal binding capacity clamped at Ϫ40 mV using 22 mM Na ϩ , 22 mM Cl Ϫ , and (B max from Figure 1D ). To examine this interaction in more detail, pull-down assays were performed using dissocicurrents induced by 5HT (see Figure 1B) . These leak currents were absent in all oocytes measured prior to ated thalamocortical cell lysates that were incubated with various syntaxin-GST fusion proteins immobilized BoTx injection.
SERT displays two other conducting states: a tranon glutathione agarose beads ( Figure 4A ). SERT immunoreactivity was seen in cell lysates incubated with sient current and a H ϩ -dependent leak current. To examine the effect of syntaxin 1A on the transient conducimmobilized recombinant cytoplasmic syntaxin 1A (GSTSyn1A⌬C) and with the H3 domain of syntaxin 1A (GSTtance, WT/1A oocytes were subjected to a series of hyperpolarizing voltage jumps before and after BoTx Syn1AH3⌬C). No immunoreactivity was seen in cell lysates incubated with a syntaxin 1A construct lacking injection. Kinetics of the responses before and after BoTx injection were indistinguishable ( Figure 3C, inset) . the H3 domain (GST-Syn1A⌬H3⌬C), with recombinant cytoplasmic syntaxin 3 (GST-Syn3⌬C), or with immobiThe peak transient currents were slightly smaller after BoTx injection ( Figure 3C ), but this was likely due to the lized GST alone.
To examine the affinity of these interactions, in vitro decrease in functional SERT expression caused by BoTx injection (see Figure 1D) . To examine the effect of synbinding assays were performed ( Figure 4B ). Thalamocortical cell lysates were incubated with various concentaxin 1A on the H ϩ -dependent leak conductance, oocytes were voltage clamped in choline-containing metrations of soluble GST-Syn1A⌬C, GST-Syn1AH3⌬C, or GST-Syn1A⌬H3⌬C. Constructs containing the complete dium at pH 5.5, and the fluoxetine-sensitive component of the holding current was examined before and after cytoplasmic domain of syntaxin 1A or the H3 domain alone both exhibited saturable SERT binding with halfBoTx injection ( Figure 3D ). Once again, after accounting for differences in expression levels, there was little difmaximal binding occurring at approximately 300 nM. Comparable experiments performed using a syntaxin 1A combinant N-terminal SERT (GST-N-Tail) was added to soluble recombinant cytoplasmic syntaxin 1A (GSTconstruct lacking the H3 domain failed to show binding. These data suggest that the H3 domain of syntaxin 1A Syn1A⌬C, in which the GST was cleaved free by thrombin). The association between the N-terminal tail of is required for SERT:syntaxin 1A interactions.
To determine the sites of interaction on SERT, pull-SERT and syntaxin 1A was saturable with half-maximal binding occurring at approximately 200 nM. No binding down assays were performed in which thalamocortical lysates were incubated with various SERT-GST fusion of syntaxin 1A to the C-terminal tail of SERT (GST-C-Tail) was evident. proteins ( Figure 4C ). Syntaxin 1A immunoreactivity was seen in cell lysates incubated with the recombinant The H3 domain of syntaxin 1A directly binds the N-terminal tail of GAT1 at negatively charged amino acid N-terminal of SERT (GST-N-Tail) but not when cell lysates were incubated with recombinant C-terminal tail residues (Deken et al., 2000). Using this as a model, SERT mutants were made that targeted a stretch of (GST-C-Tail) or the first or fourth intracellular loops of SERT (GST-IL1 and GST-IL4, respectively). Pairwise in negatively charged amino acids between residues 11 and 30 of SERT's primary sequence. These mutants vitro binding assays were performed to determine the affinity of the direct interaction ( Figure 4D ). Soluble rewere expressed in HEK-293 cells and subjected to pull-down assays using GST-Syn1A⌬C ( Figure 4E , upper SERT-⌬10 ( Figure 5E ) and wild-type SERT (see Figure  3B) , however, the presence of syntaxin 1A failed to elimiblot). Subsequent immunoblotting with a SERT-specific antibody revealed an immunoreactive band in cell lynate the voltage-dependent leak currents in SERT-5A, as expected given its inability to bind syntaxin 1A in vitro. sates expressing wild-type SERT and in a SERT truncation mutant in which amino acids 2-10 were eliminated A second approach used to examine the functional effects of the SERT:syntaxin 1A interaction was to acutely (SERT-⌬10). However, no immunoreactivity was seen in a SERT truncation mutant in which amino acids 2-30 inject peptides corresponding to the cytoplasmic N-terminal tail of SERT ( Figure 6A ). The rationale was based were eliminated (SERT-⌬30). A SERT construct in which the five negatively charged amino acids between resiupon the idea that the N-terminal peptide would compete with wild-type SERT for syntaxin 1A binding. As dues 11 and 30 were replaced with alanines (SERT-5A; E14A, D17A, E19A, D20A, E23A) also failed to be pulled shown above (see Figure 1B) , WT/1A oocytes failed to show 5HT-induced, voltage-dependent currents. In condown by GST-Syn1A⌬C. This was not due to differences in expression levels of the various mutants. Surface biotrast, 5HT-induced currents were present in oocytes injected with a peptide corresponding to the first 30 tinylation assays revealed comparable surface expression in HEK-293 cells ( Figure 4E, lower blot) Figure 5A ). The SERT-⌬10 construct, which oocytes. showed wild-type levels of syntaxin 1A binding, showed activity comparable to WT/1A oocytes (see Figure 1B) .
Prior to BoTx injection, no 5HT-induced voltage-depen-
Syntaxin 1A Regulates Endogenous SERT Currents in Thalamocortical Neurons dent currents were evident; these currents appeared following BoTx injection. In contrast, the SERT-5A conAre these phenomena present in neurons that endogenously express SERT? One difficulty in answering this struct, which lacked syntaxin 1A binding, showed 5HT-induced, voltage-dependent currents prior to BoTx question is that SERT fluxes are so small that very high levels of surface SERT expression are required in order injection. Injection of BoTx into these cells had no significant effect on the induced currents. For wild-type SERT, to detect whole-cell currents. Interestingly, SERT is expressed in glutamatergic thalamocortical neurons dursyntaxin 1A coexpression was correlated with increased expression of the transporter on the cell surface (see ing development (Lebrand et al., 1996) . Previous data in dissociated thalamocortical cultures taken from em- Figure 1C) , and thus, BoTx-injection was associated with a slight decrease in peak currents. This was not bryonic day 18 rats showed that expression was maximal after 6-8 days in vitro (DIV) and that maximal transseen with the SERT-5A construct, further supporting the inability of this construct to bind syntaxin 1A.
port capacity was substantial at that time (Whitworth et al., 2002) . To determine if SERT expression was high Except for the inability of syntaxin 1A to regulate 5HT-induced currents, the SERT-5A construct resembled enough to permit electrophysiological analysis, estimates of maximal transport capacity per neuron were wild-type SERT in its response to 5HT. Uptake and expression levels in 5A/1A oocytes were comparable to made ( Figure 7A ). Thalamocortical cultures were subjected to [ 3 H]5HT uptake assays at various 5HT concenwild-type (see Figure 5B legend). Turnover rates were approximately 1.0 (Figure 5B ), similar to both the SERTtrations. Addition of 50 M fluoxetine to the assay inhibited almost all uptake, suggesting that uptake was ⌬10 construct and wild-type SERT (see Figure 1F ). The charge:5HT ratio at Ϫ40 mV was 7.2 prior to BoTx injecmediated by SERT. The number of SERT-positive cells per sample was determined in parallel from cell counts tion and 7.1 after BoTx injection ( Figure 5C ). This was comparable to both the SERT-⌬10 construct (6.8) and using SERT immunohistochemistry (approximately 40%; n ϭ 4 experiments, data not shown). Based upon this wild-type SERT (7.1; see Figure 2E ) after BoTx injection. These data suggested that the Na ϩ :Cl Ϫ :5HT flux stoichianalysis, an estimate of the maximal transport capacity per cell was 0.022 fmol/sec. Assuming a charge:5HT ometry for SERT-5A was approximately 7:1:1 both before and after BoTx treatment. Radiolabeled substrate ratio of 7 at the resting membrane potential, these values predicted a whole-cell 5HT-induced current of approxiflux experiments showed this to be true ( Figure 5D ).
SERT-5A also showed leak currents that could not be mately 15 pA. Standard whole-cell patch-clamp techniques were regulated by syntaxin 1A (Figure 5E ). 5A/1A oocytes were examined for fluoxetine-sensitive currents in the then used to examine SERT-mediated currents in dissociated thalamocortical neurons. Individual recordings absence of 5HT. These currents were sensitive to lithium and were absent in choline (data not shown). Unlike ( Figure 7B) showed that application of 5HT elicited in- Figure 7D ). In all cells these currents resembled 5HT-induced SERT-mediated currents in oocytes: they were inward at negative potenmeasured, application of fluoxetine hyperpolarized the cell's membrane potential compared to the membrane tials, voltage dependent, and did not reverse at positive potentials, consistent with this current being coupled potential recorded in the presence of 5HT. On average, SERT-mediated currents produce an approximate 4 mV to a substrate-dependent uptake process (data not shown).
depolarization. As mentioned above, SERT immunoreactivity was Recordings made in the presence of 5HT and fluoxetine or 5HT in the absence of sodium showed that inward seen in approximately 40% of the cells in the thalamocortical cultures. However, under normal recording concurrents at Ϫ120 mV were smaller than under control conditions ( Figure 7B ). This suggested the presence of ditions, SERT-mediated currents were seen in a significantly smaller fraction of these neurons. This might be SERT-mediated leak currents. To examine this in more detail, neurons were measured with 50 M fluoxetine expected if SERT currents were suppressed because of SERT interactions with syntaxin 1A in these cells. To alone applied to the bath ( Figure 7C, upper trace) . Fluoxetine reduction of the inward holding current was not test this hypothesis, 1 M N-Tail (1-30) peptide was included in the patch pipette, and SERT-mediated curseen in the absence of sodium ( Figure 7C, lower trace) . In all cells that showed 5HT-induced currents, fluoxetine rents were measured ( Figure 7E, left traces) . One minute the opening and closing of one gate at a time; however, age-dependent, variable stoichiometry to one that is electroneutral. In the former model, this might arise from there are also states in which both gates are open at the same time, and this could account for both the exsyntaxin 1A placing energetic constraints upon the channel such that 5HT cannot permeate without coucess ion fluxes present during 5HT transport and the leak of ions in the absence of 5HT. The present data pling to the Na ϩ electrochemical gradient. In the latter model, the interaction may prevent the simultaneous show that the interaction of syntaxin 1A with SERT converts SERT from an electrogenic 5HT carrier with a voltopening of both gates. It is also possible that the excess Na ϩ flux during 5HT transport and the Na ϩ leak arise tions of the SERT antagonist cocaine and the SERT from a separate Na ϩ pore in SERT and that syntaxin 1A substrate MDMA are clearly related to their ability to inhibits flux through this pore. It should be pointed out raise extracellular 5HT concentrations, differential phethat the present data are consistent with the idea that notypic roles may be due in part to their inhibition or syntaxin 1A converts each SERT transport cycle to fixed, activation, respectively, of SERT-mediated ion fluxes. tightly coupled electroneutral stoichiometry. However, the data are also consistent with a model in which stoi-
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